Porcine circovirus type 2 (PCV2) is one of the smallest, nonenveloped, single-stranded DNA viruses. The PCV2 capsid protein (Cap) is the sole viral structural protein and main antigenic determinant. Previous sequence analysis has revealed that the N terminus of the PCV2 Cap contains a nuclear localization signal (NLS) enriched in positively charged residues. Here, we report that PCV2's NLS can function as a cell-penetrating peptide (CPP). We observed that this NLS can carry macromolecules, e.g. enhanced GFP (EGFP), into cells when they are fused to the NLS, indicating that it can function as a CPP, similar to the classical CPP derived from HIV type 1 transactivator of transcription protein (HIV TAT). We also found that the first 17 residues of the NLS (NLS-A) have a key role in cellular uptake. In addition to entering cells via multiple endocytic processes, NLS-A was also rapidly internalized via direct translocation enabled by increased membrane permeability and was evenly distributed throughout cells when its concentration in cell cultures was >10 M. Of note, cellular NLS-A uptake was ϳ10 times more efficient than that of HIV TAT. We inferred that the externalized NLS of the PCV2 Cap may accumulate to a high concentration (>10 M) at a local membrane area, increasing membrane permeability to facilitate viral entry into the cell to release its genome into a viral DNA reproduction center. We conclude that NLS-A has potential as a versatile vehicle for shuttling foreign molecules into cells, including pharmaceuticals for therapeutic interventions.
tors during virus entry into host cells. However, roles of the NLS in PCV2 entry into host cells are unknown.
The NLS of adenovirus E1A can deliver macromolecules into a nucleus by interacting with the nuclear pore complex in nondividing cells, which can further be recognized by nuclear import transporters (8, 9) . Furthermore, NLS peptides derived from simian virus 40 (KKKRKV) and nucleoplasmin (KRPAAI-KKAGQAKKKK) may function as cell-penetrating peptides (CPPs), delivering foreign proteins into cells, although both peptides have poor efficiencies for cellular uptake with their functional motifs rich in lysine residues (10) .
CPP, a powerful transport vector for delivery of various cargoes through cell membranes, was first described in 1988 and is derived from a peptide of HIV type 1 transactivator of transcription protein (HIV TAT) (11) . In 1997, Vivès et al. (12) identified a minimal sequence with 11 residues from HIV TAT that penetrated cell membranes and entered cells. A few years later, Derossi, D. et al. (13) discovered another CPP, a 16-residue peptide of penetratin (pAntp) derived from the amphiphilic Drosophila Antennapedia homeodomain. Over the past 20 years, Ͼ100 peptides, ranging from 5 to 40 residues, have been reported to penetrate various cell membranes and carry biologically active molecules, cargoes, and compounds into cells (14) . Among these CPPs, the HIV TAT-based delivery system has been extensively studied in cultured cells and organs (15) . For example, by bioconjugation with imaging agents, HIV TAT can be used for intracellular imaging (16, 17) , whereas by covalent attachment of oligonucleotides, HIV TAT can function as a vehicle to deliver foreign DNA into cells (18) .
Although CPPs are efficient intracellular delivery systems, they have limitations in practical applications. First, HIV TAT was reported to move out of cells, thereby reducing intracellular concentrations of HIV TAT-attached compounds (17) . Second, HIV TAT and some CPPs might be trapped in endosomes and degraded during endosome maturation (19, 20) . Third, toxic side effects usually occur with HIV TAT-mediated delivery (12, 15, 21) .
Elucidating mechanisms of CPP cellular uptake should facilitate development of novel delivery vectors. It was reported that CPPs enter cells by either directly penetrating cell membranes for internalization or endocytosis-mediated translocation (22) (23) (24) . In addition, energy-dependent macropinocytosis is considered a primary endocytosis pathway responsible for CPP-mediated intracellular delivery of various proteins (25) (26) (27) (28) . In that regard, dimeric HIV TAT had a crucial role in the subsequent endosomal escape of these foreign proteins into the cytoplasm (27) . Regardless, precise mechanisms regarding cellular uptake of various CPPs remain to be determined.
In this study, NLS derived from the PCV2 Cap carried foreign protein into various cell lines. Furthermore, roles of two positively charged segments (NLS-A and -B) among the NLS were investigated: NLS-A, but not -B, may function as a novel CPP capable of entering cells. In addition, mechanisms of NLS-A cellular uptake at different concentrations were also studied by live-imaging microscopy because fixation reagents might lead to artificial redistribution due to the positively charged nature of the CPP (29) . Finally, we raised a possible model in which the NLS of the PCV Cap may have essential roles in interactions of virus-host cells and release of a viral genome into a replication site via increased membrane permeability.
Results

The arginine-rich NLS was a signature of PCV Caps and present in other Circoviridae
The NLS was strictly conserved and enriched with arginine residues within Caps of both genotypes of PCV1 and PCV2 except for 2 extra residues ( 33 AF 34 ) in the NLS of the PCV1 Caps (Fig. 1A ). Based on secondary structure analysis, the NLS of the PCV2 Cap was composed of two stretches (NLS-A and -B) separated by an ␣-helix (30), although this helix was absent in the PCV3 Cap (Fig. 1A) . In PCV2, NLS-A contained 9 arginine residues, whereas NLS-B had 8 arginines and 1 lysine residue ( Fig. 1, A and C) . Furthermore, NLS derived from various circovirus species all had a signature motif rich in arginine residues (Fig. 1B ). In addition, there was a well known and conserved motif of the cholesterol recognition amino acid consensus (CRAC) in PCV2 Caps (Fig. 1C ). The CRAC motif, comprising -(L/V)X 1-5 YX 1-5 (R/K)-where X 1-5 represents 1-5 residues of any amino acid at the position(s) (31) , was only in NLS-B of PCV2 Caps, but not in PCV1, due to insertion of 2 residues in NLS-B (Fig. 1A) .
The NLS of the PCV2 Cap carried foreign protein into various cells lines
To determine whether the arginine-rich NLS of the PCV2 Cap can carry foreign protein across cell membranes and enter cells in vitro, porcine kidney epithelial (PK15) (Fig. 2 , A-C) or Sf9 cells ( Fig. 2 , D-F) were incubated with purified NLS-fused EGFP (NLS-EGFP) or EGFP ( Fig. S1 ), respectively. The NLS-EGFP entered both cell lines (Fig. 2 , A and D, left panels). In contrast, the fluorescence in EGFP-treated cells was significantly low (Fig. 2 , A and D, middle panels). Flow cytometry analysis demonstrated that both PK15 cells and Sf9 cells incubated with NLS-EGFP had a significantly increased number of cells with intracellular fluorescence (Fig. 2, B and E) and higher mean fluorescence intensity (Fig. 2 , C and F) compared with PK15 cells or Sf9 cells incubated with EGFP or the controls.
NLS-A, but not NLS-B, functioned as a CPP
Both NLS-A and -B are rich in positively charged residues and form two independent stretches divided by an ␣-helix (30) ( Fig. 1A ). Numbers of positively charged residues within each were comparable with two known CPPs (HIV TAT and polyarginine Arg 8 ) (Fig. 1C ). We hypothesized that both NLS-A and -B may function as CPPs. To test this hypothesis, both peptides were synthesized, conjugated with FITC, and incubated with PK15 cells. NLS-A ( Fig. 3A , upper row) entered PK15 cells, whereas NLS-B failed to enter cells ( Fig. 3A , middle row). Flow cytometry analysis demonstrated that PK15 cells incubated with NLS-A had a significantly higher percentage of cells with intracellular fluorescence ( Fig. 3B ) and higher mean fluorescence intensity ( Fig. 3C ) than PK15 cells incubated with NLS-B or the control. In addition, besides PK15, both NLS-A and HIV TAT also entered HeLa and NIH3T3 cells ( Fig. 4A ).
Flow cytometry analysis ( Fig. 4B ) was consistent with the above confocal imaging result.
Concentration-dependent distribution and cellular uptake of NLS-A in cells
There was a punctate distribution pattern of NLS-A in cells after peptide internalization irrespective of peptide concentration in culture ( Fig. 5A ). Therefore, NLS-A may enter cells via endocytosis and localize within vesicles. However, an even distribution of the NLS-A throughout the cell cytoplasm, along with the punctate pattern, was also observed when peptide concentration in culture was Ն10 M (Fig. 5A ), implying a possible alternative concentration-dependent entry mechanism of NLS-A. In addition, flow cytometry analysis demonstrated that cellular uptake of NLS-A increased with elevated concentrations of this peptide in cell culture (Fig. 5 , B and C). To exclude extracellular fluorescence (e.g. membrane surface-associated NLS-A), PK15 cells incubated with peptides or proteins were always treated with trypsin at 37°C for 2 min (see "Materials and methods") before flow cytometry analysis (because NLS-A was sensitive to trypsinization; Fig. S2 ). In previous reports, CPPs had variable cytotoxicity at high concentration (12, 15, 21) ; accordingly, we also tested the cytotoxicity of NLS-A. Cells were treated with high concentration of NLS-A (40 M) for 30 min followed by propidium iodide (PI) staining. As shown in Fig. 5D and Fig. S3 , Ͼ90% of the cells were viable with incuba- Figure 1 . Comparative sequence alignments of amino acid residues. A, primary structure alignment of the NLSs of PCV Caps. The NLS sequences from 21 PCV isolates collected from GenBank TM were aligned. The right column shows the genotype, subtype, and GenBank accession number of each sequence. Red indicates strictly conserved residues among all genotypes. A hyphen ("-") stands for a gap in the alignment. B, primary structure alignment of these NLSs of the Caps derived from six species of circovirus (UniProt protein IDs are indicated in the right column). Arginine is labeled in red. C, a comparison of NLS-A and -B with two known CPPs. Arginine is labeled in red. Note that a conserved CRAC motif (VXXXXXYXXR) was found in NLS-B.
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tion of NLS-A, even at a high concentration of 40 M. Furthermore, we compared the cytotoxicity of NLS-A and HIV TAT upon PK15 cells at various concentrations. More than 95% of PK15 cells were viable under incubation of both CPPs that were lower than 20 M (Fig. S3 ).
The NLS-A increased membrane permeability for cellular uptake
As suggested above in Fig. 5 , the entry mechanism of NLS-A might be concentration-dependent. To further dissect the scenario, we monitored the NLS-A entry process by time-lapse 
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confocal microscopy at high concentrations (40 M). The increasing intracellular fluorescence signal was recorded every 5 s after the addition of peptide to cell culture (Fig. 6A ), and the quantified intracellular mean fluorescence intensity was plotted against time (Fig. 6B ). The rapid cellular uptake and even distribution of NLS-A suggested that the peptide may enter cells either through a receptor-independent pathway or by directly penetrating the cell membranes at high concentrations.
To test whether NLS-A induced membrane permeability, we mixed NLS-A with giant unilamellar vesicles (GUVs) with encapsulated fluorescent dye (atto565) and monitored the GUVs with confocal microscopy. Fluorescence (red) within the GUVs turned green after NLS-A was mixed with the GUVs (Fig.  6 , C and D), demonstrating the entry of NLS-A into the GUVs; in addition, the dye (red) in the GUVs also leaked out from the vesicles into the buffer. This result strongly indicated that NLS-A increased the permeability of the membrane and led to the equilibration of NLS-A and the atto565 dye across membranes ( Fig. 6D ). However, in the presence of FITC alone ( Fig.  6E ) or in the absence of NLS-A ( Fig. 6C ), the atto565 dye within the GUVs was quite stable. Statistical analysis also demonstrated that the ratio of GUVs containing green dye in the 
presence of NLS-A was significantly higher than that in the presence of FITC alone ( Fig. 6F ; p Ͻ 0.001). Therefore, a high concentration of NLS-A permeabilized the GUV membrane and caused a bidirectional flux of the dye across the membrane.
The NLS-A entered cells via endocytosis with multiple pathways
It appears that HIV TAT and other CPPs enter cells via endocytosis with distinct pathways (22) . The punctate distribution of the NLS-A at low concentrations indicated that the peptide was translocated into cells via endocytosis. Dynamic tracking of NLS-A in live cells indicated that the NLS-A colocalized with Rab7-RFP in PK15 cells (Fig. 7A ). Therefore, NLS-A was present in a late endosome after internalization. Next, we applied endocytosis inhibitors to cell cultures to further study the NLS-A entry mechanism. Inhibition of clathrin-mediated endocytosis (chlorpromazine) and macropinocytosis (N-(ethyl-N-isopropyl)-amiloride) and disruption of caveolae/ lipid rafts (methyl-␤-cyclodextrin) all dramatically decreased efficiency of NLS-A entry into cells (Fig. 7, B and C) . Therefore, the three major endocytosis pathways were all involved in internalization of NLS-A at low concentration (6 M). In addition, effects of F-actin on NLS-A internalization were also tested. Inhibition of actin polymerization by cytochalasin D dramatically decreased efficiency of NLS-A (6 M) entry into PK15 cells (Fig. S4) , which implicated F-actin to have a critical role in NLS-A internalization.
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NLS-A had more efficient cellular uptake than HIV TAT
Finally, we compared the entry efficiency of NLS-A and HIV TAT. PK15 cells were incubated with FITC-conjugated NLS-A or HIV TAT at various concentrations, and cellular uptake efficiencies of the peptides were evaluated by flow cytometry. Mean fluorescence intensities were compared between NLS-A and HIV TAT at various concentrations, and NLS-A entry into PK15 cells was 10-fold more efficient than entry of HIV TAT in PK15 cells (Fig. 8 ). Similar results were also observed in HeLa cells (Fig. S5 ).
Discussion
In a mature PCV2 virion, viral genomic DNA is packaged by a capsid, assembled by 60 Cap subunits. The NLS of the PCV2 Cap is considered a critical element responsible for viral DNA packaging as the NLS, which is rich in positively charged residues, may interact with phosphate groups of viral DNA. Mutation of the NLS significantly decreases virus titers in cell culture (32, 33) . In addition, based on a structural study, the NLS of the PCV2 Cap is apparently located around the 5-fold axis and buried inside the capsid (7) . Perhaps NLSs from five neighboring PCV2 Caps at one icosahedral 5-fold axis of the capsid may be transiently externalized and penetrate cell membranes to release viral DNA into host cells (30). Regardless, in this study, NLS was capable of carrying foreign protein into various cells, and NLS-A had a cell penetration function similar to known CPPs, e.g. HIV TAT and polyarginine. Although NLS is located inside the capsid in a stable virion, it may externalize from the capsid to interact with the cell membranes when a capsid switches into a metastable state induced by factors from host cells during infection. In a previous study (31) , five monoclonal antibodies were screened, and four were found to recognize an epitope ( 26 RPWLVHPRHRY 36 ) located in the NLS-B (Fig. 1, A  and C) ; a similar epitope was reported by another group (34) . We also screened a mAb against this epitope; it had a strong neutralization activity against PCV2 infection in cell culture (data not shown). Additionally, a well known and conserved CRAC motif was also identified in the NLS-B of the PCV2 Cap via fine mapping (Fig. 1) . This motif was only present in the 
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NLS-B of the PCV2 Cap and not in PCV1 (Fig. 1A) . Therefore, NLS externalization during PCV2 infection was possible, and the NLS-B may be involved in virus-host cell interactions via binding to cholesterol on membranes, although it does not function as a CPP (Fig. 3) .
So far, the specific receptor(s) for PCV2 internalization has not been reported, although two glycosaminoglycans, namely heparan sulfate (HS) and chondroitin sulfate B, were identified as attachment receptors for PCV2 entry (35) . Heparan sulfate proteoglycan (HSPG) is present on the outer leaflet of the plasma membrane via linkage of HS chains with distinct core proteins, such as syndecans and glypicans (36) . Notably, there is accumulating evidence that HSPG may function as a cell-surface endocytosis receptor responsible for internalization of various macromolecular cargoes (37) (38) (39) . It was reported that HS-mediated HIV TAT internalization is one of the crucial pathways of its cellular uptake (29, 40) . Furthermore, HSPGmediated endocytosis may exploit a distinct pathway, depending on the cellular context, ligand type, and HSPG isoform (i.e. syndecans or glypicans) (37) . Recently, syndecan-4, a member of HSPGs, was reported to be a receptor for clathrin-mediated endocytosis (CME) of arginine-rich CPPs (38) . Based on sequence mapping, the PCV2 Cap contained a putative heparin-binding motif ( 98 IRKVKV 103 ), although this motif was buried inside the capsid (7) . Alternatively, the externalized, arginine-rich NLS of the PCV2 Cap may function as a binding motif responsible for interaction of PCV2 with HSPG on host cells and initiating endocytosis for PCV2 entry.
In studies of molecular mechanisms of PCV2 invading various swine cells, this virus exploited CME to infect a monocytic cell line, 3D4/31 (41) . Surprisingly, blocking the CME pathway or inhibition of acidification of endosomes/lysosomes in epithelial cells significantly increased PCV2 infectivity (42, 43) .
Therefore, we inferred that PCV2 entry into epithelia cells via endocytosis was an invalid pathway for infection, or endocytosed PCV2 cannot successfully release its viral genome to a replication center to cause infection in epithelial cells. In general, endocytosed PCV2 in transport vesicles starts to fuse with early endosomes and will be targeted to an endolysosomal compartment. In this process, vesicles undergo acidification due to vacuolar-type ATPase pumping H ϩ into vesicles. However, acidification of vesicles has an adverse effect on PCV2 infection of epithelia cells (43) , indicating that viral DNA in a low-pH environment has a reduced chance of endosomal escape to finish the viral infection cycle. If the NLS-A can penetrate vesicle membranes and thereafter facilitate release of viral DNA into cytosol, its externalization from the capsid should be a key and rate-limiting step for endosomal escape of the viral genome. Clearly, acidification in transport vesicles will decrease the possibility of NLS externalization due to increased electrostatic repulsion between the low-pH environments (extra H ϩ ) and the positively charged NLS. Therefore, increasing the acidity in transport vesicles will switch the equilibrium of the PCV2 capsid from a metastable (externalized NLS) toward a stable state (internalized NLS), whereas NLS externalization at various pH environments remains to be explored. In addition, in this study, NLS-A had an even distribution throughout cells with rapid entry when the extracellular concentration of the NLS-A was Ն10 M (Figs. 5 and 6) . Therefore, at high concentrations, NLS-A may directly penetrate cell membranes for internalization. Based on the 3D structure, NLS is located around the 5-fold axis of the capsid (7) . Furthermore, a previous model also suggested that NLS might externalize through its 5-fold axis with the assistance of other surface loops around this area (30). If five NLSs simultaneously externalized through a 5-fold axis, they would form a five-NLS bundle with highly positively charged residues. Therefore, this bundle should be more efficient to penetrate the cell membrane than one NLS because it is present a higher concentration (Ͼ4 mM) at the local membrane. Previous experiments also suggested that CPPs in tandem were more likely to penetrate cell membranes (27) .
In our study, cellular uptake of the NLS-A was superior to that of HIV TAT (Fig. 8 and Fig. S5 ), the most popular CPP for use in applications. Sequence comparison revealed that NLS-A contains 2 more arginines and 1 more phenylalanine/tyrosine residue than HIV TAT (Fig. 1) . Efficiency of peptide-penetrat- 
ing biological membranes is correlated with numbers of arginine and hydrophobic residues (44, 45) . A negative Gaussian membrane curvature, topologically required for pore formation (46) , is maximized when there are ϳ9 polyarginines in the peptide (45) . Interestingly, the NLS-A also contains 9 arginine residues, despite being interrupted by 3 noncharged residues, with 1 tyrosine residue (Tyr 3 ) and 1 phenylalanine residue (Phe 8 ) interspersed in this peptide (Fig. 1) . The aromatic side chains of tyrosine and phenylalanine may insert into and anchor NLS-A on membranes. It was suggested that decreasing arginine residues in most CPPs is compensated by simultaneous increases in lysine and hydrophobic content (45) . Notably, insertion of a bulky aromatic ring of phenylalanine (Phe) or tyrosine (Tyr) into membranes apparently requires some degree of accommodation, thereby favoring bending of the membrane into a positive curvature whereby a single hydrophobic residue can dramatically affect translocation of CPPs (45) . However, contributions of both Phe and Tyr and effects of their positions (or distance) along the NLS of the PCV2 Cap to their cell-penetration capacity remain to be determined. Altogether, due to its powerful cell-penetrating ability, the NLS-A may not only have a critical role in viral DNA release into the cytoplasm by overcoming membrane barriers, but it may also be one of best future shuttles for in vivo drug delivery.
Materials and methods
Cells and reagents
PK15 cells (obtained from Xiaoming Yuan, Nanjing Agricultural University), HeLa S6 cells, and NIH3T3 cells (from Cell Bank, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, China) were maintained in Dulbecco's modified Eagle's medium (high glucose with L-glutamine) (Life Technologies) containing 10% fetal bovine serum (Life Technologies), 100 units/ml penicillin, and 100 g/ml streptomycin (Life Technologies) at 37°C in a 5% CO 2 incubator and passaged every 2-3 days. Spodoptera frugiperda (Sf9) cells were purchased from Life Technologies and maintained in Sf-900 TM II serum-free medium (Life Technologies) for suspension culture at 27°C. Cells were subcultured when cell density reached 3.0 ϫ 10 6 cells/ml. Cytochalasin D, Hoechst 33342, and PI were also purchased from Life Technologies. All chemicals, unless otherwise stated, were purchased from Sigma-Aldrich.
Protein expression, purification, and cellular uptake
Gene fragments containing nls-egfp and egfp were subcloned into protein expression vector pET100/D-TOPO (Life Technologies), respectively. Recombinant plasmids were analyzed by DNA sequencing for double strands to confirm that no mutation was introduced in both clones, and then correct plasmids were transformed into BL21(DE3) competent cells (TransGen, Beijing, China) for protein expression. When the A 600 of the Escherichia coli culture reached 0.8 -1.0, proteins of interest (NLS-EGFP and EGFP) were expressed by adding 1 mM isopropyl thiogalactopyranoside to the culture for 3 h at 37°C. Finally, cells were harvested by centrifugation at 9,000 ϫ g for 10 min at 4°C and stored at Ϫ80°C for use. For protein purification, a cell pellet harvested from 250 ml of BL21 E. coli culture was suspended in 25 ml of buffer A (0.1 M NaH 2 PO 4 , 0.1 M Na 2 HPO 4 , 20 mM imidazole, 10 mM Tris base, 300 mM NaCl, and 5% glycerol, pH 8.0) with 0.5% Triton X-100, 5 mM ␤-mercaptoethanol, and protease inhibitors (0.1 mM PMSF and 1 unit of leupeptin/ml), then cells were disrupted by sonication, and the homogenate was cleared by centrifugation (15,000 ϫ g, 20 min). The supernatant was loaded on a prepacked HisTrap TM HP column (GE Healthcare) attached to an FPLC instrument (ÄKTA, GE Healthcare). After the column was washed with 10 ml of buffer A, the protein of interest was eluted with 10 ml of buffer B (300 mM imidazole and 300 mM NaCl, pH 7.0), and fractions (1 ml) were collected. Purity was assessed with SDS-PAGE, and protein was dialyzed twice in phosphate-buffered saline (PBS). Protein concentration was quantified using a BCA protein assay kit (Sangon Biotech, Shanghai, China) after which purified NLS-EGFP or EGFP (4 g/ml) was incubated with PK15 or Sf9 cells in 35-mm glass-bottomed Petri dishes (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China) for 1 h. Finally, cells were washed three times with PBS to removed unbound proteins and then imaged by confocal microscopy.
Peptide synthesis, labeling, and cellular uptake
Peptides of NLS-A (MTYPRRRFRRRRHRPRS), NLS-B (QILRRRPWLVHPRHRYRWRRK), and HIV TAT protein transduction domain (YGRKKRRQRRR) were synthesized by GenScript, Inc. (Nanjing, China). All peptides were conjugated with FITC at the NH 2 -terminal ends, and further purified via HPLC (Ͼ95%). The lyophilized peptides were stored at Ϫ80°C before use. For cellular uptake assays, each peptide was first dissolved in aseptic water as a stock solution (2 mg/ml) and then added to cell cultures at various concentrations. After incubations, cells were washed three times with PBS to removed unbound peptides. Live images were acquired by confocal microscopy.
Cells treated with inhibitors
Cells were pretreated with various inhibitors in respective media for 30 min at 37°C. Then the medium was replaced with fresh medium containing the NLS-A peptide as well as corre- sponding inhibitors. After 30 min of incubation at 37°C, cells were washed twice with fresh medium and analyzed by fluorescence microscopy or flow cytometry. Work concentrations of inhibitors were 10 M for cytochalasin D, 10 g/ml for chlorpromazine, 5 mM for methyl-␤-cyclodextrin, and 50 M for N-(ethyl-N-isopropyl)-amiloride in media.
Preparation of GUVs
The lipids 1,2-diphytanoyl-sn-glycero-3-phosphocholine and 1,2-dioleoyl-sn-glycero-3-phosphocholine were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and used without further preparation. The GUVs with encapsulated atto565 dye (Invitrogen) were prepared using electroformation and labeled with DiI (1,1Љ-dioctadecyl-3,3,3Љ,3Љ-tetramethylindocarbocyanine perchlorate; Invitrogen) to illustrate the border. Lipid mixtures in chloroform were deposited and desiccated on indium tin oxide-coated glass slides before swelling with sorbitol (100 mM) solution containing atto565 under a 10-Hz alternating current electric field. After 128 min, the sorbitol solution containing GUVs, which was diluted in PBS, pH 7.4, was collected, and GUVs were detected under a laser-scanning confocal microscope.
Flow cytometry
Cells were seeded on 6-well plates at a density of 1.0 ϫ 10 6 cells/well and then incubated with FITC-conjugated NLS-A, NLS-B, and HIV TAT peptides at various concentrations or purified proteins (NLS-EGFP or EGFP) in fresh Opti-MEM (Life Technologies), respectively, for 30 min or 1 h at 37°C. After incubation, cells were washed with PBS and detached by 0.25% trypsin (Life Technologies) at 37°C for 2 min. Finally, Dulbecco's modified Eagle's medium containing 10% fetal bovine serum was added to terminate trypsinization. Then cells were washed three times with PBS and finally resuspended in PBS before flow cytometry analysis (BD FACSVerse, BD Biosciences). Vital cells were gated based on sideward and forward scatter. In each sample, 10,000 cells were collected, and arbitrary fluorescence intensity of each cell was acquired.
Confocal laser-scanning microscopy
For detection of cellular uptake of peptides, cells were seeded on 35-mm glass-bottomed Petri dishes at a density of 5 ϫ 10 5 cells/well and then incubated with Opti-MEM containing peptides at the indicated concentrations (2, 6, 10, 20, and 40 M) for 30 min at 37°C. Thereafter, cells were washed twice with PBS and cultured with fresh medium without phenol red. Before imaging, Hoechst 33342 was added (10 M final concentration in medium). Confocal images were collected with an inverted Nikon TiE microscope attached to a Confocal C2 system (Nikon, Japan) with an EMCCD camera (Andor iXon Ultra897). The FITC and Hoechst were excited with 488 and 405 nm lasers, respectively. For detection of colocalization of NLS-A and endosomes, cells were first transfected with Rab7-RFP plasmid (obtained from Yang Liu, Chinese Academy of Sciences). At 24 h after transfection, cells were incubated with 6 M NLS-A for 30 min at 37°C. Then cells were washed twice with PBS and cultured with fresh medium without phenol red. Finally, live images of the cells were collected by an inverted Nikon TiE microscope connected to an UltraVIEW VOX sys-tem spinning disc (PerkinElmer Life Sciences) with an EMCCD camera (C9100-13, Hamamatasu). The microscope was equipped with a heated stage maintained at 37°C and 5% CO 2 . FITC and RFP were excited with 488 and 561 nm lasers, respectively. For detection of membrane permeability, 10 l of GUVs with encapsulated atto565 dye suspension were first diluted in 1 ml of PBS, pH 7.4, and labeled with DiI (1 M), and then the suspension was incubated with FITC-NLS-A (20 M), FITC dye alone (20 M), or PBS, respectively, for 1 h at room temperature. After incubation, the mixture was poured into a 35-mm glassbottomed Petri dish and placed on an inverted Nikon TiE microscope attached to a Confocal C2 system with an EMCCD camera (Andor iXon Ultra897). A 488 nm laser was used to excite FITC, whereas a 561 nm laser was used to excite atto565 and DiI.
Statistical analyses
For flow cytometry, mean fluorescence intensity and the percentage of cells with intracellular fluorescence were analyzed for each group with FlowJo software (BD Biosciences). For confocal images, mean fluorescence intensity of each cell and GUV was measured and processed by ImageJ software (National Institutes of Health, Bethesda, MD). All statistical analyses were performed using SPSS software (Version 16, SPSS, Inc., Chicago, IL). Differences were considered significant for p Ͻ 0.05 (*), p Ͻ 0.01 (**), and p Ͻ 0.001 (***). 
